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Infectivitye transmitted during bloodmeals after development inside the gut of the sandﬂy
vector. The isolation from axenic cultures of procyclic and metacyclic promastigotes by peanut lectin
agglutination followed by differential centrifugation is controversial in Leishmania infantum. The purpose of
this study has been to isolate both fractions simultaneously from the same population in stationary phase of
axenic culture and compare their expression proﬁles by whole-genome shotgun DNA microarrays. The 317
genes found with meaningful values of stage-speciﬁc regulation demonstrate that negative selection of
metacyclic promastigotes by PNA agglutination is feasible in L. infantum and both fractions can be isolated.
This subpopulation up-regulates a cysteine peptidase A and several genes involved in lipophosphoglycan,
proteophosphoglycan and glycoprotein biosynthesis, all related with infectivity. In fact, we have conﬁrmed
the increased infection rate of PNA− promastigotes by U937 human cell line infection experiments. These
data support that metacyclic promastigotes are related with infectivity and the lack of agglutination with
PNA is a phenotypic marker for this subpopulation.
© 2009 Elsevier Inc. All rights reserved.IntroductionLeishmania infantum is the ethiological agent of zoonotic visceral
leishmaniasis in the Mediterranean Basin and is transmitted by the
bite of female sandﬂies of the genus Phlebotomus. Domestic dogs are
the main reservoir and play an important role in transmission to
humans [1]. Visceral leishmaniasis is also an opportunistic disease, as
coinfection with HIV is increasing [2]. This fact has changed the
understanding of infection by L. infantum from clinical and epidemio-
logical points of view [3]. Leishmania spp. develop a digenetic life cycle
in which the extracellular promastigote stage differentiates inside the
vector insect and the intracellular amastigote stage differentiates
inside mammalian mononuclear phagocytic cells. The sequential
development of promastigotes within the sandﬂy midgut until
transmission to the mammalian host is known as metacyclogenesis
[4]. This process has been demonstrated to occur in axenic culture
[5,6]. Metacyclic L. major promastigotes (≈1% of the population in
stationary phase) can be separated by centrifugation from procyclicamalonso@cib.csic.es
a), morenopm@inta.es
os@cib.csic.es (I. Ramos),
ga).
ll rights reserved.forms after negative selection with Arachis hypogaea lectin (peanut
agglutinin, PNA) due to its speciﬁcity for D-galactose residues:
procyclic promastigotes (PNA+) expose D-galactose residues in sur-
face abundant glycolipid lipophosphoglycan (LPG), while these
sites are blocked by D-arabinose residues in metacyclic promastigotes
(PNA−) [5,6,7]. However, both procyclic and metacyclic forms fail to
agglutinate with PNA in L. braziliensis [8], whereas PNA agglutination
is still controversial in L. infantum [9,10].
Several leishmanial glycoconjugates are considered to be major
determinants of virulence in the sandﬂy vector and themammalianhost
[11–13]. LPG is expressed at high levels in all Leishmania species that are
pathogenic to humans (≈5×106 molecules/cell). The surface coat of
Leishmania promastigotes also contains a number of glycosylpho-
sphatidylinositol (GPI)-anchored proteins and proteophosphoglycans
(PPGs), which have variable functions related with infectivity depend-
ing on the species [14]. For instance, L. donovani promastigotes lacking
leishmanolysin (gp63) are more sensitive to complement lysis [15].
Secreted PPGs contain long polypeptide backbones that are modiﬁed
with phosphoglycans similar to those added to LPG. PPGs form large
macromolecularﬁlamentous structures thatmay facilitate promastigote
aggregation and transmission of large parasite clusters within the
sandﬂy bite. Secreted PPGs also protect the parasite by depletion of the
level of lytic complement components in themammalian lesionvianon-
productive activation of the complement pathway [14].
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mRNA maturation is performed by trans-splicing and polyadenylation.
The genomes of these organisms encode very few potential regulatory
transcription factors and regulation of gene expression occurs at the
post-transcriptional level [16]. In spite of this, transcriptome analysis by
microarray technology is feasible and the transcriptome information is
relevant in these parasites [17]. Although microarray analyses of gene
expression proﬁles have been carried out so far in Leishmania axenic
cultures of heterogeneous logarithmic and stationary phase populations
[8,18,19], differential geneexpressionproﬁles between thehomogeneous
PNA+ and PNA− fractions from stationary-phase axenic cultures have
not yet been studied in any Leishmania species. Here we report the
expression proﬁle analysis of PNA+ and PNA− promastigotes by shotgun
DNA microarrays representing the whole genome of L. infantum. PNA+
and PNA− fractions were obtained simultaneously from the same
population in stationary phase culture, what allowed the transcriptome
comparison. We have found that several genes related to infectivity are
up-regulated in the metacyclic stage, as PPG-like protein (PPG-Lp),
phosphoglycan-β-1,3-galactosyltransferase (β1,3GalT) and cysteine
peptidase A (CPA) genes. These ﬁndings are consistent with the
increased infection rate observed when U937 cells are incubated with
PNA− promastigotes rather than PNA+. Another set of genes up-
regulated in metacyclic promastigotes including DNA polymerase θ
(DNApolθc)and tyrosineaminotransferase (TAT) genesmightbe studied
in the near future to improve the understanding of the adaptation of
Leishmania to parasitism and the establishment of infection.Fig. 1. PNA lectin based separation of L. infantum procyclic (PNA+) and metacyclic (PNA−) pr
replicate cultures. Error bars on y axis represent SD of cell density (N) and time is given in
indicated in μm. Both are similar (cell body:ﬂagellum relation 1:1) and cell body is generally s
of three total RNA samples from PNA+ promastigotes. FU are given on y axis and time in
Technologies) and 18S and 23S (α, β) spikes to ribosomal RNAs. (D) PNA− promastigotes st
longer than the cell body in PNA− promastigotes. Twomorphologies have been observed in t
(E) Electropherogram of three total RNA samples from PNA− promastigotes. (F) Agarose geResults
Construction of complete shotgun genomic DNA microarrays of
L. infantum
A shotgun genomic pUC18 library of L. infantum MCAN/ES/98/
10445 isolate was constructed. More than 33,000 clones were plated,
among which more than 95% carried a DNA insert as checked by
minipreps. Inserts were PCR ampliﬁed with a unique pair of m13-
pUC18 primers. All reactions were checked by agarose gel electro-
phoresis and average insert size was calculated from 10% amplicons.
PCR efﬁciency was≈83% and average insert size was 4.1 kbp, ranging
from 0.5 to 11 kbp. The number of clones required to represent a
≈32.6 Mbp haploid dose of the entire diploid genome [20], estimated
with Clarke and Carbon equation [21], is≈24,000, given a probability
of 0.95 for a speciﬁc fragment to be contained in the library.
Consequently, we performed 29,952 PCR reactions in order to
construct total genomicmicroarrays, which also contain ﬁve replicates
of each control spot (see Materials and methods section).
Microarray hybridization analyses of transcriptome in procyclic (PNA+)
and metacyclic (PNA−) promastigotes
Three replicate cultures of L. infantum promastigotes were performed
and cell densitywasmonitored bycell counting (Fig.1A). Stationaryphase
promastigotes were recovered at day 7 and incubated with 50 μg/mlomastigotes and analysis of RNA integrity. (A) L. infantum average growth curve of three
days. (B) PNA+ promastigotes stained with Giemsa. Flagellum and cell body length are
hort or medium-sized (5–10 μm) and ovoid in this subpopulation. (C) Electropherogram
seconds on abscissa. The ﬁrst spike corresponds to RNA 6000 Nano Marker (Agilent
ained with Giemsa. Flagellum and cell body length are indicated in μm. The ﬂagellum is
his subpopulation: short ovoid (cell body:ﬂagellum relation 1:3) and long slender (4:5).
l electrophoresis of aRNA from PNA+ and PNA− 1 to 3 biological replicates.
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optimized for L. infantum (see Materials and methods). Some aliquots
from both fractions were stained with Giemsa (Fig. 1B and D).
Integrity of total RNA was analyzed by capillary electrophoresis
(Fig. 1C and E) resulting in a 23S/18S ratio from 2.3 to 2.9. Amounts of
RNA frommetacyclic promastigotes weremuch lower than those from
procyclics as they have been shown to represent≈1% of the population
[7]. As a consequence, RNA ampliﬁcation (Fig. 1F) was required in order
to obtain enough amounts of Cy3 (PNA+) and Cy5 (PNA−) labelled
cDNA for microarray hybridization assays. LocallyWeighted Scatter Plot
Smoothing algorithm (LOWESS) [22,23] was applied to normalize raw
data and a paired t-test was performed. This procedure allowed us to
select 317 spots that fulﬁlled the following requirements: (i) fold-
change value (F)≥2 (Cy5/Cy3 ratio if Cy5NCy3) or≤−2 (−Cy3/Cy5
ratio if Cy3NCy5), (ii) total relative ﬂuorescence intensity valueN5000
ﬂuorescence units (FU) and (iii) p-valueb0.05. Average intensity vs.
intensity scatter plot is shown in Fig. 2A and M/A scatter plot in Fig. 2B,
both in a base-two logarithmic scale. Selected spots are highlighted and
error bars plotted in both graphs, which refer to the three biological
replicates of all the spots included in the microarrays. Complete tables
containing raw and normalized data of all the spotted inserts are
available at NCBI's Gene Expression Omnibus (GEO) repository (http://
www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE11269), including
control spots for validation of microarray construction. Furthermore,
an image out of three from replicate hybridization experiments is
available in additional ﬁle 1.
Both ends of the 317 selected clones from the L. infantumMCAN/ES/
98/10445 genomic library (GenBank: FI103922–FI104238) were
sequenced with m13-pUC18 forward and reverse primers. Sequence
reads were aligned against chromosomal sequences with BLASTN to
map the clones onto the L. infantum MCAN/ES/98/LLM-887 genomeFig. 2. Average scatter plots of three replicate microarray hybridization analyses. (A)
Intensity vs. intensity base-two logarithmic scale scatter plot. Red spots correspond to
selected DNA fragments containing a gene up-regulated at least two times in PNA−
promastigotes and green spots represent those up-regulated at least two times in PNA+
promastigotes. 317 spots were selected. Criteria for spot selection are detailed in Results
section. (B) M/A scatter plot.M=(log2Ri− log2Gi) and A=[(log2Ri+log2Gi)/2], where
R and G are respectively red (Cy5) and green (Cy3) intensity values.(ftp://ftp.sanger.ac.uk/pub/pathogens/L_infantum) [24]. The bound-
aries of the cloneswere deﬁnedwith a customPerl script that attempted
to ﬁnd paired alignments between genomic sequences and forward and
reverse sequence reads that fulﬁlled the following conditions: (i) e-
valueb1e−100 for both alignments, (ii) convergent orientation
between them and complementary sequence to different strands of
the same chromosome and (iii) 11 kbp maximum length between the
boundaries of each clone. When only one pair of alignments fulﬁlling
these requirements was found, the boundaries of the clone were
considered to be unequivocally identiﬁed and the clone mapping
outcome was deﬁned as type a, which represented 36.8% of selected
clones. When more than one pair of alignments fulﬁlled those
conditions, the best pair of alignments was used to deﬁne the
boundaries of the clone, a situation that was deﬁned as type b and
corresponded to 56.5% of the clones. These outcomes were due to
adjoining sequence repeats. Finally, 6.7% of the alignments did not fulﬁl
conditions (ii) or/and (iii) andwere deﬁned as type c (uncongruent pair
of alignments or unpaired alignment). Among a and b clones, 19.2% did
not fulﬁl condition (i) because 1e−10Ne-valueN1e−100.
Then, another scriptwasused to locate genesoverlappingat least 5% in
lengthwith the clones, resulting in 197 clones containing annotated genic
sequences and120 clones not overlappingwith anyannotated gene in the
genome project sequence, of which 34 could be mapped against custom
annotationswith Glimmer software. Therewas 76% coincidence between
genome project and custom Glimmer annotations, which should be
validated for further analyses. This set of 120 clones strongly suggests the
incompletion of gene annotations on the L. infantum genomic sequence,
what remarks the advantages of the availability of genomic microarrays
and its corresponding DNA genomic library. 62 clones in PNA+ (Table 1)
and42 inPNA−promastigotes (Table2) respectivelycontainup-regulated
genes that have not been annotated as hypothetical or unknown.
additional ﬁle 2 describes clones containing hypothetical and unknown
genes. Clones that do not map against annotated gene sequences in L.
infantum genome project but do against Glimmer annotations appear in
additional table 3 (additional ﬁle 3) and those nor mapping against
Glimmer annotations appear in additional table 4 (additional ﬁle 3).
Relative quantitative Real-Time PCR analyses (qRT-PCR) were
performed to determine whether a gene overlapping with a type c
sequence end is developmentally regulated or to ascertainwhich gene is
developmentally regulated in those clones overlapping with more than
one gene (Tables 1 and 2). qRT-PCR analyses of 34 genes contained in 23
clones (7.25% of the selected set) were also performed for microarray
data validation. In fact, these analyses are in agreementwithmicroarray
analysis hybridization results, because at least one gene is differentially
regulated in each clone according to qRT-PCR. Since there is sequence
redundance in the genomic library, some of the clones contain common
sequence fragments that map against a given unique gene. As a result,
there are 52 different genes up-regulated in PNA+ and 36 in PNA−
promastigotes from the subsets described in Tables 1 and 2 that are
unique in a given clone and/or have been determined by qRT-PCR.
In addition to the 317 clones described above, another set was
sequenced (data not shown). As a result, a collection of 4172 sequence
reads belonging to L. infantumMCAN/ES/98/10445 was obtained. They
were assembledwith Phred/Phrap/Consedpackage into 888 contigs that
represented a total length of ≈1.2 Mbp with an average coverage of 2.
Contig consensus sequences were aligned against chromosomal
sequences with Cross-match to estimate the degree of divergence
between L. infantum MCAN/ES/98/10445 and MCAN/ES/98/LLM-887.
The comparison resulted in 0.78% nucleotide substitutions, 0.11%
deletions and 0.2% insertions in the ﬁrst isolate with respect to the
second one. Deletion sizes range from1 to 30 bp and 75.6% are single and
double nucleotide deletions,while 21.4% range from3 to 10 bp. Insertions
range from1 to16bpand90.1%are single ordoublenucleotide insertions.
As a consequence, sequence end mapping strategy is not affected by
deletion, insertion and substitution. Frequency histograms of insertions
and deletions depending on their size are available in additional ﬁle 4.
Table 1
Up-regulated genes in L. infantum procyclic PNA+ promastigotes.
Clone F Log2F±SD p GenBank e-value Def. Id. Annotated gene function (GO terms
in additional Fig. 4, additional ﬁle 5)
qRT-PCR
Fw Rv +/− F±SD
Lin3D9 −2.39 −1.3±0.1 0.001 FI104109 0 1e−69 b LinJ31_V3.0810 C2 domain protein, putative (P0) N.D.
Lin21C5 −2.04 −1.0±0.0 0.001 FI104110 7e−127 0 a LinJ13_V3.1580 Hypothetical protein– ATPase protein
(P25, P27)
N.D.
Lin23H8 −2.34 −1.2±0.1 0.004 FI104111 2e−105 0 a LinJ13_V3.1130 40S ribosomal protein S4 (P10, P11) N.D.
Lin30H7 −2.24 −1.2±0.3 0.021 FI104112 0 0 a LinJ16_V3.0600 Histone H3, putative (P12) N.D.
Lin31E3 −2.92 −1.5±0.3 0.010 FI104113 0 0 b LinJ32_V3.0460 40S ribosomal protein S2 (P10, P11) + −2.2±0.4
LinJ32_V3.0470 Prostaglandin F synthase (P23) + −6.4±0.6
Lin33G5 −2.45 −1.3±0.2 0.006 FI104114 2e−96 3e−98 b LinJ27_V3.1300 60S acidic ribosomal protein, putative (P10) N.D.
Lin38H2 −2.40 −1.3±0.1 0.001 FI104115 0 0 b LinJ17_V3.0170 Elongation factor 1-alpha (P6, P18, P26, P32) N.D.
LinJ17_V3.0180 Elongation factor 1-alpha (P6, P18, P26, P32) N.D.
Lin46E1 −2.17 −1.1±0.1 0.001 FI104116 3e−89 0 b LinJ17_V3.0170 Elongation factor 1-alpha (P6, P18, P26, P32) N.D.
LinJ17_V3.0180 Elongation factor 1-alpha (P6, P18, P26, P32) N.D.
LinJ17_V3.0190 Elongation factor 1-alpha (P6, P18, P26, P32) N.D.
LinJ17_V3.0200 Elongation factor 1-alpha (P6, P18, P26, P32) N.D.
Lin50H11 −2.24 −1.2±0.2 0.007 FI104117 0 0 a LinJ36_V3.3680 NADH-ubiquinone oxidoreductase 12 KD
subunit, putative (P0)
N.D.
Lin60H7 −2.04 −1.0±0.1 0.003 FI104118 3e−58 1e−51 b LinJ04_V3.0460 60S ribosomal protein L11 [L5, L16]
(P6, P10, P16)
N.D.
Lin65E3 −2.05 −1.0±0.3 0.032 FI104119 4e−113 0 b LinJ17_V3.0170 Elongation factor 1-alpha (P18, P26, P32) N.D.
Lin68A2 −2.06 −1.0±0.1 0.005 FI104120 0 0 a LinJ11_V3.1230 ABC 1 transporter, putative (P25, P33) N.D.
Lin68F2 −2.32 −1.2±0.2 0.011 FI104121 0 0 a LinJ14_V3.1240 Enolase (P17, P24) N.D.
Lin80B9 −2.14 −1.1±0.4 0.035 FI104122 0 0 b LinJ09_V3.1470 Hypothetical protein, unknown function –
GPI anchor signal
N.D.
LinJ09_V3.1480 Hypothetical protein, conserved N.D.
LinJ09_V3.1490 Hypothetical protein, conserved N.D.
Lin84B4 −2.12 −1.1±0.4 0.035 FI104123 0 0 a LinJ15_V3.0170 Protein phosphatase 2C (P34) + −165±24
LinJ15_V3.0180 Serine/Threonine protein kinase, putative
(P6, P25, P31)
+ −8±2
Lin93C5 −2.43 −1.3±0.1 0.001 FI104125 0 6e−115 a LinJ13_V3.1450 Alpha tubulin (P4, P26, P32) N.D.
Lin96F2 −2.24 −1.2±0.3 0.017 FI104126 0 0 a LinJ36_V3.3680 NADH-ubiquinone oxidoreductase 12 KD
subunit, putative (P0)
N.D.
Lin101B5 −2.69 −1.4±0.2 0.007 FI104127 0 0 a LinJ09_V3.0650 Serine peptidase, family S51, peptidase E (P0) N.D.
Lin102C7 −2.13 −1.1±0.3 0.018 FI104128 0 0 b LinJ26_V3.0150 60S ribosomal protein L7 (P2, P10) N.D.
Lin103C8 −2.19 −1.1±0.1 0.001 FI104129 0 0 a LinJ31_V3.0810 C2-domain protein, putative (P0) N.D.
Lin107E2 −2.39 −1.3±0.1 0.003 FI104130 0 0 b LinJ13_V3.0450 60S ribosomal protein L18 (P10) N.D.
Lin109C7 −2.32 −1.2±0.0 0.000 FI104131 0 0 a LinJ22_V3.1300 Cyclophilin, putative (P21) N.D.
Lin111F3 −2.85 −1.5±0.3 0.015 FI104132 0 0 a LinJ31_V3.2210 Prostaglandin F2α synthase (P23) N.D.
Lin113A4 −2.68 −1.4±0.2 0.007 FI104133 0 0 a LinJ19_V3.1480 Mitogen activated protein kinase (P25, P31) N.D.
Lin114C6 −2.15 −1.1±0.2 0.015 FI104134 0 0 c LinJ24_V3.1510 Multi drug resistance protein-like (P0) + −14±2
LinJ26_V3.0570 Hypothetical protein, conserved N.D.
Lin122D3 −2.21 −1.1±0.2 0.013 FI104135 0 0 a LinJ30_V3.3440 CAS/CSE importin domain protein (P0) N.D.
Lin126B6 −2.02 −1.0±0.2 0.017 FI104136 0 0 a LinJ24_V3.1490 Citryl-CoA lyase beta chain (P3) N.D.
Lin126C6 −2.36 −1.2±0.1 0.002 FI104137 0 0 b LinJ36_V3.2070 Phosphomannomutase, putative (P0) N.D.
Lin129C10 −2.89 −1.5±0.1 0.001 FI104138 4e−45 4e−42 b LinJ17_V3.0170 Elongation factor 1-alpha (P6, P18, P26, P32) N.D.
Lin138C1 −2.13 −1.1±0.2 0.013 FI104139 0 0 a LinJ24_V3.1360 Hypothetical protein, conserved-33 KDa
transport particle
N.D.
LinJ24_V3.1370 Hypothetical protein, conserved N.D.
LinJ24_V3.1380 Translation initiation factor IF2, putative
(P5, P19, P32)
+ −7.2±0.7
Lin142C8 −2.13 −1.1±0.1 0.004 FI104140 0 0 a LinJ21_V3.0790 Hypothetical protein, conserved N.D.
LinJ21_V3.0800 60S ribosomal protein L36 (P10) + −15±5
LinJ21_V3.0810 Hypothetical protein N.D.
LinJ21_V3.0820 ATPase subunit 9 N.D.
Lin142H5 −2.03 −1.0±0.2 0.013 FI104141 0 0 a LinJ22_V3.1380 Dephospho CoA kinase, putative (P9) N.D.
Lin155H12 −2.38 −1.3±0.4 0.031 FI104142 0 0 a LinJ36_V3.0250 Peptidyl-prolyl cis–trans isomerase
(P14, P21)
N.D.
Lin158H4 −2.13 −1.1±0.3 0.020 FI104143 0 0 b LinJ32_V3.3110 Nucleoside diphosphatase kinase b
(P17, P25, P29)
+ −55±6
LinJ32_V3.3120 DNA replication licensing factor
(P12, P25, P35)
+ −7.8±0.9
LinJ32_V3.3130 ATP-binding protein-like protein − −1.0±0.1
LinJ32_V3.3140 Hypothetical protein, conserved N.D.
Lin159E12 −2.13 −1.1±0.1 0.002 FI104144 1e−103 0 a LinJ31_V3.2600 Ferredoxin 2Fe-2S-like protein (P1) N.D.
Lin169D1 −2.04 −1.0±0.4 0.038 FI104145 0 0 a LinJ26_V3.0030 Methylmalonyl-CoA epimerase-like
protein (P22)
N.D.
Lin176E11 −2.04 −1.0±0.2 0.010 FI104146 0 0 b LinJ35_V3.2030 Ankyrin repeat protein, putative (P0) + −11±2
LinJ35_V3.2040 60S ribosomal subunit protein L32 (P10) + −16±4
Lin177A7 −2.20 −1.1±0.4 0.031 FI104147 0 0 b LinJ30_V3.0550 Glycosyltransferase family 28 protein,
putative
− −1.3±0.4
LinJ30_V3.0560 Nuclear cap binding protein (P6, P15) + −4.3±0.3
LinJ30_V3.0570 Hypothetical protein, conserved − −1.0±0.2
Lin182E8 −2.84 −1.5±0.3 0.016 FI104149 0 0 a LinJ35_V3.0100 Ubiquinol-cytochrome c reductase
complex 14KD protein (P36)
N.D.
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Table 1 (continued)
Clone F Log2F±SD p GenBank e-value Def. Id. Annotated gene function (GO terms
in additional Fig. 4, additional ﬁle 5)
qRT-PCR
Fw Rv +/− F±SD
Lin182F5 −2.22 −1.2±0.2 0.008 FI104150 0 0 a LinJ06_V3.1320 Pteridine transporter, putative (P0) N.D.
Lin187F2 −2.12 −1.1±0.3 0.028 FI104151 8e−179 0 a LinJ21_V3.0080 Syntaxin, putative (P0) N.D.
Lin191H3 −2.09 −1.1±0.1 0.003 FI104152 0 0 b LinJ32_V3.0460 40S ribosomal subunit protein S2 (P10, P11) + − 2.2±0.4
LinJ32_V3.0470 Prostaglandin F synthase, putative (P23) + −6.4±0.6
Lin209G10 −2.38 −1.3±0.4 0.037 FI104153 1e−63 1e−60 b LinJ34_V3.2730 Ribosomal protein L3, putative (P10) N.D.
Lin217A11 −2.13 −1.1±0.1 0.003 FI104154 0 0 b LinJ36_V3.3950 60S ribosomal subunit protein L10a,
putative (P10)
N.D.
Lin217C4 −2.45 −1.3±0.1 0.002 FI104155 0 0 b LinJ17_V3.0180 Elongation factor 1-alpha (P6, P18, P26, P32) N.D.
Lin217F2 −2.34 −1.2±0.2 0.011 FI104156 0 0 a LinJ06_V3.0570 Hypothetical protein, conserved N.D.
LinJ06_V3.0580 dUTP diphosphatase N.D.
Lin219A4 −2.09 −1.1±0.3 0.034 FI104157 2e−49 1e−54 b LinJ05_V3.1060 ATPase, putative-afg1 mitochondrial family N.D.
LinJ34_V3.1070 Myosin IB heavy chain, putative N.D.
Lin221D2 −2.03 −1.0±0.2 0.010 FI104158 4e−119 4e−119 a LinJ36_V3.3380 Gmc-family putative oxidoreductase (P7) N.D.
Lin223H2 −2.18 −1.1±0.2 0.007 FI104159 0 0 b LinJ19_V3.0170 Mitogen activated protein kinase (P25, P30, P31)) + −5.5±0.7
LinJ19_V3.0180 Hypothetical protein, conserved N.D.
LinJ19_V3.0190 ADP/ATP translocase 1, putative N.D.
Lin224E3 −3.75 −1.9±0.2 0.005 FI104160 0 0 a LinJ19_V3.1480 Mitogen activated protein kinase (P25, P31) N.D.
Lin239H2 −3.41 −1.8±0.1 0.002 FI104162 0 0 b LinJ30_V3.0790 Hypothetical protein − −1.1±0.4
LinJ30_V3.0800 4-methyl-5-(betahydroxyethyl)thiazole
monophosphate synthesis protein (P0)
+ −187±25
Lin252B11 −2.18 −1.1±0.0 0.000 FI104163 0 0 b LinJ17_V3.0180 Elongation factor 1-alpha (P6, P18, P26, P32) N.D.
LinJ17_V3.0190 Elongation factor 1-alpha (P6, P18, P26, P32) N.D.
LinJ17_V3.0200 Elongation factor 1-alpha (P6, P18, P26, P32) N.D.
Lin253F5 −2.48 −1.3±0.3 0.014 FI104164 7e−56 7e−56 b LinJ04_V3.0460 60S ribosomal protein L11 (L5, L16) N.D.
Lin257A3 −2.06 −1.0±0.3 0.035 FI104165 0 0 b LinJ26_V3.0420 Nucleotide binding protein-like protein (P25) N.D.
Lin269F11 −2.63 −1.4±0.2 0.011 FI104166 0 0 a LinJ13_V3.1450 Alpha tubulin, putative (P4, P26, P32) + −10±0.8
Lin270G9 −2.16 −1.1±0.2 0.008 FI104167 0 0 b LinJ35_V3.0810 Actin-like protein, putative (P4, P6) N.D.
Lin274A1 −3.10 −1.6±0.3 0.008 FI104168 0 0 a LinJ06_V3.0370 Glutamine synthetase, putative (P28) N.D.
Lin278B3 −2.84 −1.5±0.1 0.003 FI104169 1e−94 1e−94 a LinJ31_V3.1070 Biotin/lipoate protein ligase-like protein (P0) N.D.
Lin279B6 −2.37 −1.2±0.1 0.002 FI104170 0 0 b LinJ17_V3.0180 Elongation factor 1-alpha (P6, P18, P26, P32) N.D.
Lin282B9 −2.19 −1.1±0.2 0.014 FI104171 0 0 b LinJ23_V3.0620 Oxidoreductase-like protein (P0) N.D.
Lin287F6 −2.03 −1.0±0.2 0.013 FI104172 0 0 a LinJ35_V3.1260 Thiorredoxin-like protein (P13, P20) N.D.
Lin289C1 −2.22 −1.1±0.2 0.007 FI104173 3e−89 3e−89 b LinJ17_V3.0110 Elongation factor 1-alpha (P18, P26, P32) N.D.
This table describes clones that contain genes up-regulated in procyclic promastigotes that are not annotated as unknown or hypothetical. The features described are: clone number;
fold change (F); base-two logarithmic scale F and standard deviation (SD) values; p-value (p); GenBank accession numbers; e-values of forward (Fw) and reverse (Rv) endmappings
against BLAST; clone deﬁnition (Def.) according tomapping outcomes a, b or c (see explanation in the text); GeneDB identiﬁers (Id.), the corresponding annotated gene functions and
codes in brackets that direct to additional Fig. 4 (additional ﬁle 5), where they are associated to Gene Ontology (GO) terms; qRT-PCR results. When a given clone overlaps with more
than one annotation, stage-speciﬁc regulation is only demonstrated if qRT-PCR result is positive (+).
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BLAST2GO software system was used to re-annotate genes over-
lapping with the selected clones that had not been annotated as
hypothetical or unknown [24] (Tables 1 and 2) using a controlled
vocabulary provided by the Gene Ontology (GO) database. This
analysis allowed us to adscribe GOmolecular function terms to this set
of genes and to generate direct acyclic graphs (DAGs) relating those
functions with the up-regulation in PNA+ or PNA− promastigotes
(additional ﬁle 5). We have assigned codes to each GO molecular
function in the DAGs in order to match them with the annotations in
Tables 1 and 2. Such codes appear in these tables in brackets following
the name of the annotation. Nodes are coloured depending on their
alpha score, deﬁned as the combination of the number of sequences in
a node and the sum of distances of the original GO terms of the
belonging sequences to the power of a given factor [25]. This analysis
reveals that isomerase, nucleoside-triphosphatase, translation elon-
gation factor activities, protein binding and structural constitution of
ribosomes are molecular functions activated in procyclic promasti-
gotes, while protein, DNA, nucleotide and metal ion binding are
activated in metacyclic promastigotes. Nevertheless some GO mole-
cular functions such ATP binding and protein kinase activity are
activated in both stages. Fig. 3A and B show the lowest nodes of
molecular function terms that have an associated score higher than
one in GO molecular function ontology.
As described above, there are differences in the expression pattern
of PNA+ and PNA− promastigotes of L. infantum. Both stages up-
regulate genes involved in biopolymer metabolic processes, protein
amino acid phosphorylation, transport and amino acid metabolicprocesses. In addition, several genes up-regulated in procyclic
promastigotes are involved in electron transport, ribosome biogenesis
and assembly, regulation of translational elongation and develop-
mental processes, while genes involved in amino acid transport,
response to stress and proteolysis are up-regulated in metacyclic
promastigotes. Abundance of genes involved in these biological
processes has been deﬁned also by BLAST2GO with alpha scores
(Fig. 3C and D). In Tables 1 and 2, each gene is related to GOmolecular
function terms that appear in additional ﬁle 5. In this section, we
proceed to analyse stage-speciﬁcally regulated genes in the leishma-
nial secretory pathway, plasma membrane and metabolic and
signalling processes (Fig. 4) according to BLAST2GO analysis of GO
molecular function and biological process terms.
Glycoprotein biosynthesis
Several genes coding for glycocalix molecules or implied in the
biosynthetical processes of these molecules are up-regulated in
metacyclic promastigotes according to the microarray analysis results.
These genes code for two amastin-like proteins (amas), PPG-Lp,
β1,3GalT, a glycosyltransferase 1 (GT1) and a hypothetical O-linked N-
acetylglucosamine transferase (OGT). On the contrary, phosphoman-
nomutase (PMM) gene is up-regulated in procyclic promastigotes.
Proteases
Four genes speciﬁcally regulated in the metacyclic stage coding for
proteases have been found: (i) a predicted Zn-carboxypeptidase from
M14 family (Zn·M14), (ii) a calcium-dependent cysteine-type
endopeptidase (μ-calpain), involved in cytoskeletal remodeling, signal
transduction and cell differentiation events [26,27], (iii) a cobalt
Table 2
Up-regulated genes in L. infantum metacyclic PNA− promastigotes.
Clone F Log2F±SD p GenBank e-value Def. Id. Annotated gene function (GO terms in
additional Fig. 5, additional ﬁle 5)
qRT-PCR
Fw Rv +/− F±SD
Lin6E6 2.32 1.2±0.4 0.040 FI103922 0 0 b LinJ27_V3.0950 Hypothetical protein-similar to OGlcNac
transferase (M1)
+ 9.2±0.5
Lin9F10 2.08 1.1±0.2 0.007 FI103923 5e−60 1e−32 b LinJ31_V3.2400 3,2-trans-enoyl-CoA isomerase, putative (M7) N.D.
Lin14G8 2.04 1.0±0.3 0.028 FI103924 5e−174 1e−88 b LinJ34_V3.1150 Amastin-like surface protein (M0) + 4.3±0.7
Lin22G3 2.37 1.2±0.3 0.013 FI103925 2e−50 3e−41 a LinJ32_V3.3820 3-hydroxyisobutiryl-CoA hydrolase-like
protein (M2)
N.D.
Lin24A8 3.21 1.7±0.6 0.044 FI103926 0 2e−84 b LinJ31_V3.0910 Aminoacid transporter, putative (M0) N.D.
Lin42F3 2.19 1.1±0.2 0.007 FI103927 0 0 a LinJ19_V3.0540 Methionine aminopeptidase 1, Clan MG,
family M24, putative (M4, M22, M32)
N.D.
Lin51A7 2.64 1.4±0.5 0.036 FI103928 0 0 b LinJ33_V3.1510 Aminoacid permease-like protein aap11 (M8) N.D.
Lin60B4 2.20 1.1±0.1 0.002 FI103929 0 0 a LinJ16_V3.1000 Cyclin-dependent protein kinase, putative
(M11, M12, M20, M30, M34, M37, M38)
N.D.
Lin63C12 2.46 1.3±0.5 0.045 FI103930 0 1e−106 a LinJ16_V3.1000 Cyclin-dependent protein kinase, putative
(M11, M12, M20, M30, M34, M37, M38)
N.D.
Lin67B1 4.36 2.1±0.6 0.028 FI103931 0 0 a LinJ20_V3.1230 Calpain-like cysteine peptidase, Clan CA,
family C2, putative (M31)
N.D.
Lin80A6 2.00 1.0±0.4 0.046 FI103932 0 0 a LinJ14_V3.1140 Dual speciﬁcity tyrosine-gamma-
phosphorylation regulated kinase (M28, M30)
N.D.
Lin81D6 2.92 1.5±0.3 0.010 FI103933 0 0 a LinJ32_V3.1390 Hypothetical protein, conserved N.D.
LinJ32_V3.1400 Cleavage and polyadenylation speciﬁcity
factor-like protein (M6)
+ 12±2
LinJ32_V3.1410 Hypothetical protein, conserved N.D.
Lin83H9 2.15 1.1±0.3 0.017 FI103934 0 0 c LinJ07_V3.0940 Cytochrome b5-like protein N.D.
LinJ14_V3.1500 Phosphoglycan beta-1,3-galactosyltransferase
(M27)
+ 6.9±0.6
Lin91C2 2.25 1.2±0.2 0.008 FI103936 4e−131 0 b LinJ36_V3.4230 Zinc-carboxypeptidase, Clan MC, family M14,
putative (M25)
N.D.
Lin91D9 2.32 1.2±0.5 0.044 FI103937 0 0 a LinJ20_V3.1230 Calpain-like cysteine peptidase, Clan CA,
family C2, putative (M31)
N.D.
LinJ30_V3.1240 Hypothetical protein, conserved N.D.
Lin91E3 2.15 1.1±0.3 0.017 FI103938 4e−131 0 b LinJ36_V3.4230 Zinc-carboxypeptidase, Clan MC, family M14,
putative (M25)
N.D.
Lin106G9 2.04 1.0±0.4 0.046 FI103939 0 0 a LinJ31_V3.1980 Transcription-like protein nupm1, putative (M0) + 68±7
LinJ31_V3.1990 Hypothetical protein, conserved N.D.
Lin111B9 2.66 1.4±0.4 0.032 FI103940 2e−158 0 b LinJ35_V3.1850 Protein kinase-like protein (M17, M30, M33) N.D.
Lin124E4 2.40 1.3±0.5 0.043 FI103941 0 0 b LinJ30_V3.0620 Protein kinase (M28, M30) N.D.
Lin126A4 2.01 1.0±0.4 0.039 FI103942 0 0 a LinJ28_V3.1240 Electron transfer ﬂavoprotein, alpha polypeptide,
putative (M16, M21)
N.D.
Lin129H1 2.55 1.4±0.4 0.032 FI103943 0 0 b LinJ08_V3.0960 Cathepsin L-like protease (M24) N.D.
Lin134D6 2.08 1.1±0.3 0.032 FI103944 0 0 c LinJ23_V3.0230 ABC transporter, putative − 1.0±0.2
LinJ23_V3.0240 ABC transporter, putative − 1.2±0.4
LinJ25_V3.2570 Phosphoglycan beta-1,3-galactosyltransferase 4,
putative (M27)
+ 17±3
Lin145E6 2.61 1.4±0.3 0.015 FI103945 0 0 a LinJ31_V3.3070 Serine/Threonine protein kinase, putative
(M28, M30)
N.D.
Lin150B8 2.34 1.2±0.4 0.039 FI103946 0 0 b LinJ32_V3.0860 Serine/Threonine protein kinase, putative (M9) N.D.
Lin169H9 2.60 1.4±0.1 0.001 FI103947 2e−167 3e−169 b LinJ36_V3.2490 Tyrosine aminotransferase, putative (M15, M26) N.D.
Lin175A4 2.51 1.3±0.1 0.004 FI103948 2e−43 0 b LinJ23_V3.0720 Kinesin family 1b, putative (M3, M4, M30, M36) N.D.
Lin183B1 2.26 1.2±0.1 0.002 FI103949 0 0 a LinJ31_V3.0350 Aminoacid transporter aATP11, putative (M19) N.D.
Lin185F6 2.06 1.0±0.3 0.024 FI103950 0 0 a LinJ31_V3.0350 Aminoacid transporter aATP11, putative (M19) N.D.
Lin188D10 2.10 1.1±0.1 0.002 FI103951 0 0 b LinJ19_V3.1490 Oxidoreductase-like protein N.D.
LinJ19_V3.1500 Hypothetical protein, conserved N.D.
LinJ19_V3.1510 Protein kinase, putative N.D.
Lin194D9 2.34 1.2±0.4 0.041 FI103952 0 1e−115 b LinJ10_V3.1440 Phosphate-repressible phosphatase
permease-like protein (M0)
N.D.
Lin194G1 2.46 1.3±0.3 0.019 FI103953 1e−153 0 a LinJ32_V3.1900 Serine/Threonine protein kinase A,
putative (M5, M18)
N.D.
Lin197F4 2.11 1.1±0.4 0.038 FI103954 3e−64 3e−104 b LinJ08_V3.0690 Amastin-like protein (M0) N.D.
LinJ08_V3.0700 Amastin-like protein (M0) N.D.
Lin202D4 2.15 1.1±0.3 0.019 FI103955 0 1e−106 a LinJ11_V3.1050 SEC61-like protein (pretranslocation
process) (M35)
N.D.
Lin203A7 2.41 1.3±0.1 0.001 FI103956 0 0 a LinJ24_V3.0910 DNA polymerase theta, polymerase
domain, putative (M2)
+ 7.6±0.8
Lin205B3 2.52 1.3±0.5 0.036 FI103957 0 0 b LinJ34_V3.2680 Protein kinase A-like protein, regulatory
subunit (M1)
N.D.
Lin205D11 2.36 1.2±0.2 0.007 FI103958 0 0 a LinJ29_V3.2420 Enoyl-CoA hydratase/somerase-like
protein (M7, M10)
+ 15.2±0.8
LinJ29_V3.2430 Mitogen activated protein kinase, putative N.D.
Lin214D1 2.42 1.3±0.1 0.002 FI103959 0 0 a LinJ30_V3.1790 Dna J domain protein, putative (M4,M13) N.D.
Lin225F9 2.19 1.1±0.3 0.018 FI103960 0 0 a LinJ34_V3.2190 Glycosyltransferase-like protein (M0) + 7±1
LinJ34_V3.2200 Dna J-like protein (M1) + 13±2
Lin243H2 2.51 1.3±0.5 0.037 FI103961 0 4e−153 b LinJ35_V3.4200 Poly (A)-binding protein, putative (M5, M23) N.D.
Lin282E2 2.13 1.1±0.3 0.023 FI103962 0 0 a LinJ08_V3.0960 Cathepsin L-like protease (M24) N.D.
LinJ08_V3.0970 Histone deacetylase-like protein N.D.
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Table 2 (continued)
Clone F Log2F±SD p GenBank e-value Def. Id. Annotated gene function (GO terms in
additional Fig. 5, additional ﬁle 5)
qRT-PCR
Fw Rv +/− F±SD
Lin289D9 2.08 1.1±0.3 0.030 FI103963 0 4e−156 b LinJ30_V3.3490 DNA ligase I, putative
(M14, M29, M30)
N.D.
Lin291G1 2.27 1.2±0.3 0.017 FI103964 3e−170 0 a LinJ34_V3.0190 PPG-like protein (M0) N.D.
This table describes clones that contain genes that are not annotated as unknown or hypothetical and are up-regulated in metacyclic promastigotes. The features described are: clone
number; F; base-two logarithmic scale F and SD values; p; GenBank accession numbers; e-values of Fw and Rv end mappings; Def. (see explanation in the text); Id. (annotated gene
functions and codes in brackets direct to additional Fig. 5 (additional ﬁle 5), where they are associated to GO terms); qRT-PCR results. When a given clone overlaps with more than
one annotation, stage-speciﬁc regulation is only demonstrated if qRT-PCR result is positive (+).
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CPA, a lysosomal cysteine-type endopeptidase cathepsin L-like
protein.
Signal transduction
As well as μ-calpain, several genes involved in signal transduction
processes and cell cycle progression are respectively up- (protein
phosphatase 2C — PP2C, some protein kinases A — PKA) and down-
regulated (several protein kinases C or A— PKC/A-, mitogen activated
protein kinases — MAPK- and Ser peptidase S51/cyclin 1 — CYC1) in
metacyclic promastigotes.
Amino acid and fatty acid metabolism
TAT gene is up-regulated in PNA− promastigotes and consequently,
cytosolic deamination of tyrosine into p-hydroxyphenylpyruvate (p-
HPP), which is followed by a dehydrogenation into p-hydroxyphenyl-
lactate (p-HPL) as an excretion product, is activated. Microarray
expression proﬁle results have also revealed two enoyl coenzyme A
hydratase/isomerase genes (ECH) up-regulated in PNA− promastigotes
thatmay be involved in bothβ-oxidation of fatty acids (β-ox) and valine
catabolism. Dehydrogenation of 3-hydroxyacyl coenzyme A (3-HACoA)
into 3-hydroxyisobutyryl-CoA (3-HiBCoA) invaline catabolic pathway is
catalised by an ECH and hydroxyisobutyryl-CoA hydratase gene
(HiBCH), also up-regulated in metacyclic promastigotes, is involved in
3-HiBCoA hydrolysis, the following reaction in the pathway. Electron
transferﬂavoprotein gene (ETF) takes part inβ-ox and is up-regulated in
the same stage. On the contrary, citrate lyase gene (CL), from the citrate-
pyruvate shuttle for the supplyof cytosolic acetyl-CoA, is up-regulated in
procyclics, as well as dephospho-CoA kinase gene (DK) involved in
coenzyme A biosynthesis, which is required for CL reaction among
others. In the prostaglandin biosynthetic pathway, prostaglandin F
synthetase gene (PGFS) is down-regulated in PNA−.
Gene expression, nucleic acid metabolism, protein folding and secretion
Genes coding for poly (A)-binding protein (PABP), DNA ligase I
(LIG I), dnaJ domain heat shock protein-binding protein (dnaJ), sec61
subunit of the translocon core and the catalytic subunit of mitochon-
drial DNApolθc are up-regulated in the metacyclic stage. DNApolθc is
involved in DNA repair of interstrand cross-links [28]. On the other
hand, thioredoxin gene (THR), which is involved in ribonucleotide
reductase (RNR) reduction, is down-regulated in the same stage, as
well as the adenosine kinase domain-containing nucleoside dipho-
sphatase kinase b (Ndkb), two peptidyl-prolyl cis–trans isomerases
(FK-506 binding protein— FKBP- and another cyclophilin— Cph) that
prevent adenosine kinase aggregation [29] apart from their chaperone
function [30], a nuclear cap binding protein (Ncbp), several ribosomal
proteins (S2, S4, L3, L7, L10a, L11, L18, L32, L36 and 60S acidic
ribosomal protein) and the translation factors EF1α and IF2.
Transport and drug resistance
Metacyclic promastigotes show up-regulation of transcription-like
protein nump1 gene (TOR), which brings about resistance to toxicpurine nucleosides [31]. Furthermore, an aminoacid permease gene
(aap) and a phosphate repressible phosphatase permease gene (PRPP)
are also up-regulated in this stage. The opposite happens with a
pteridine transporter gene (PT) to make up the parasite for pteridine
derivative auxotrophies [32], two genes for ABC transporters (ABC1 and
a multidrug resistance protein — MRP) and a gene coding for CAS/CSE
importin domain protein (βI), which recognises Ran-GTPase proteins in
the import cycle through the nuclear pore complex (NPC) [33].
Energy generation and redox metabolism
Some electron transfer chain genes (ETCH) are speciﬁcally up-
regulated in the procyclic stage, as well as an ubiquinone biosynthesis
protein-like protein, enolase in the glucolytic pathway and the gene
coding for 4-methyl-5-(betahydroxyethyl)-thiazole monophosphate
synthesis protein (METP) implied in thiamine biosynthesis. We have
found two clones containing oxidoreductases of unknown function
that are up-regulated in procyclic promastigotes (Table 1). One of
them belongs to the multifunctional glucose–methanol–choline
oxidoreductase (GMC) family [34].
Cytoskeleton
An actin-like protein gene (Actin-L) and α-tubulin gene (α-tub) are
speciﬁcally regulated in PNA+ promastigotes, while a kinesin gene (kin)
is up-regulated in PNA−. Several kinesins have been found besides the
ﬂagellar pocket and thereby near the ﬂagellum and the kinetoplast [35].
As described before, μ-calpain is involved in cytoskeleton remodelling.
Small RNAs
Minicircles contain guide RNA (gRNA) genes, deﬁned as small
RNAs involved in RNA editing processes of maxicircle transcripts in
trypanosomatids. Each minicircle only contains one gRNA gene in
Leishmania spp. [36]. According to mapping outcomes obtained by
BLAST against GenBank database, eleven clones correspond to
minicircle sequences (additional ﬁle 3) and according to the
microarray hybridization analysis, they must contain an up-regulated
gene in metacyclic promastigotes. Thus, some gRNA genes are
probably up-regulated in this stage. These clones were not located
in GBrowse mapping outcomes because they do not correspond to
chromosomal sequences. Consensus sequences lacked internal Sau3AI
sites except those corresponding to insert-vector junctions.
To sum up, genes related with infectivity such PPG-Lp, β1,3GalT,
GT1, OGT and CPA are up-regulated in differentiated PNA− promas-
tigotes, as well as DNAPolθc and TAT, which have not been associated
to any biological role. On the other hand, elongation factors, ribosomal
subunit proteins, PGFS and chaperones FKBP and Cph are activated in
developing PNA+ promastigotes.
Higher infection rate in PNA− promastigotes
U937 human monocytic cell line was treated with phorbol 12-
myristate 13-acetate (PMA) to obtain macrophages, which were then
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0, 24, 48 and 72 h for modiﬁed Giemsa preparations and average
amastigote number per cellwas calculated. According to the t-test analysis
of three replicates of the experiment, the average rate of infected cells at 24
and48hpost-infection is signiﬁcantlyhigher in the incubationsperformed
with PNA− promastigotes rather than PNA+ (Fig. 5A). Moreover,
amastigote number per infected cell (Fig. 5B) is also signiﬁcantly different
between the two subpopulations at 24 and 48 h (p=0.018 and 0.015
respectively). The infection rate and average amastigote number per cell
(p=1.000) are very similar at 72 h (Fig. 5A and B).
Discussion
Genes are arranged in directional gene clusters (DGCs) and gene
expression is post-transcriptionally regulated in trypanosomatids,
which is uncommon among eukaryotes [37]. Almost all identiﬁed
genes in these parasitic organisms lack introns. Trans-splicing of a 39
nucleotide spliced-leaderRNAbearinga trimethyl cap to the5′ endanda
poly A tail to the 3′ end, and mRNA degradation by deadenylation,
decapping and exosome activity are key points ofmRNAmaturation and
post-transcriptional regulation in these organisms [16]. In spite of these
unusual gene expression regulation mechanisms, transcriptome analy-
sis by DNAmicroarray technology has been demonstrated to be suitable
in these organisms [17]. Expression proﬁles of L. major, L. donovani and L.
mexicana life cycle stages have been studied by partial shotgun DNA
microarrays [18,19,38], partial cDNAmicroarrays [8] and oligonucleotide
microarrays [39,40]. In addition, a combined proteomic and partial
oligonucleotide microarray approach has been developed in L. infantum
[41]. Moreover, L. major and L. infantum differentially expressed genes
have been compared by oligonucleotide microarrays. It was concluded
that only 10–12% of the differentially expressed genes are common
between both species [42].Fig. 3.Multilevel sector charts of differentially regulated GO molecular functions and biologi
alpha score value of 2 and represented in these diagrams. (A) Filtered GOmolecular functions
regulated in PNA−metacyclic promastigotes. (C) Filtered GO biological processes in up-regul
PNA− metacyclic promastigotes.Here we report the construction of complete shotgun genomic
DNA microarrays of L. infantum as a tool for the study of expression
patterns. Expression proﬁle comparisons between heterogeneous
populations have been reported: logarithmic vs. stationary phase
[8,18] or vs. PNA− stationary phase L. major promastigotes in axenic
culture [19]. Nevertheless, transcriptomic comparisons of the homo-
geneous procyclic PNA+ and metacyclic PNA− fractions from
stationary phase populations have not been performed to date.
Agglutination of L. infantum procyclic promastigotes and negative
selection of PNA− fraction is a matter of controversy, given that
agglutination at a minimum of 50 μg/ml and 1 mg/ml PNA has been
reported [9,10]. In this article, we report clear agglutination of L.
infantum procyclic promastigotes at low PNA concentration and the
subsequent isolation and transcriptomic comparison of both fractions.
Speciﬁcally, we report two evidences of feasibility of PNA+/− isolation
procedure in L. infantum. First, we modiﬁed agglutination and
differential centrifugation procedures previously described [4] and the
result of each stepwas observed bymicroscopy (Fig.1B, C). Second, RNA
extractions allowed us to perform transcriptome comparisons between
both fractions by hybridization of labelled cDNAs simultaneously with
genomic DNAmicroarrays. As a result, 317 spots fulﬁlling spot selection
requirements were found. In fact, we have detected ∼300 stage-
speciﬁcally regulated genes. Further, qRT-PCR analyses of 7.25% selected
clones demonstrate that each one contains at least a partial sequence of
one stage-speciﬁcally regulated gene. Furthermore, results are some-
times redundant, as expected in a shotgun strategy (Tables 1 and 2).
Developmentally regulated genes contained in the selected clones
were identiﬁed by mapping the end sequences of the selected clones
onto the chromosomal sequences from L. infantum genome project.
Thereby, sequencing with a single oligonucleotide pair avoided the need
for sequencing inwards by priming reactionswith oligonucleotides from
previous 3′-end reads. According to our estimations of size and frequencycal processes in PNA+ and PNA– promastigotes. GO term nodes have been ﬁltered by an
up-regulated in PNA+ procyclic promastigotes. (B) Filtered GOmolecular functions up-
ated PNA+ procyclic promastigotes. (D) Filtered GO biological processes up-regulated in
Fig. 4. Diagram of the differential expression proﬁle in PNA+/− L. infantum promastigotes. Stage-speciﬁc regulated genes found in the microarray expression proﬁles are reﬂected in
the leishmanial secretory pathway, plasma membrane associated molecules and several metabolic processes detailed in the diagram. Genes up-regulated in procyclic promastigotes
are represented in green and those up-regulated inmetacyclic promastigotes in red. See explanation in the text. The following abbreviations and symbols are not explained in the text:
PyrP, pyridoxal phosphate; 1, aromatic aminoacid transamination (TAT reaction) and methionine recycling in trypanosomatids with KMBT as acceptor; 2, TAT reaction with α-KG as
acceptor; S[2GSH], trypanothione (spermidine linked to two glutathione molecules); FA, fatty acids; TR, trypanothione reductase; PES prostaglandin peroxide H synthase; MPET,
methylphosphoethyl thiazole; TPP, thiamine pyrophosphate; HADH, D-α-hydroxyacid dehydrogenase; tNT, nucleotide transporter; gp, glycoprotein; , N-glycan; , O-glycan; R,
ribosomal proteins; NPC, nuclear pore complex; kDNA, kinetoplast DNA; G, glycosome.
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by such processes in any of the L. infantum isolates compared.
Furthermore, it has been reported that despite T. cruzi and T. brucei
contain retrotransposons, L. major is considered devoid of any mobile
element andhas eliminated all the active non-long terminal repeat (non-
LTR) retrotransposons present in its trypanosomatid ancestor [43,44],
except for remnants of DIRE retrotransposons in at least L. major, L.
infantum and L. braziliensis. Anyway, L. major and L. infantum lack part of
the machinery that generates diversity in other eukaryotes and this lack
of transposable elements would favour chromosome stability, as a
difference with L. braziliensis, that contains intact retroelements [20,45].
A ﬁrst approach to the analysis of molecular functions of stage-
speciﬁc regulated genes found in the microarray hybridization
analyses was carried out according to GO database. As expected,
there are generic molecular functions in both stages, due to the wide
range of proteins containing those general functions. Information
about gene ontologies is detailed in additional ﬁle 5, where codes
corresponding to GO molecular functions are related to simpliﬁed (P
andM) codes that direct to GeneDB annotations shown in Tables 1 and
2. Protein kinase activity is an example of a general molecular function
highly represented in both subsets of genes. This function is not well
characterised in Leishmania spp., as structural features and signalling
pathways have not been described in detail to date. ATP binding is also
highly represented in both subsets. On the contrary, oxidoreductase
activity, structural constitution of ribosomes and translation regula-
tion are highly represented in procyclic promastigotes as expected,while galactosyltransferasemolecular function is speciﬁcally activated
in metacyclic promastigotes.
GO biological process analysis (Fig. 3C and D) supports that protein
biosynthesis is more active in procyclic promastigotes, given alpha-
score values of ribosome biogenesis and assembly and regulation of
translational elongation. In addition, developmental processes are
also activated in procyclic promastigotes, while metacyclics show an
increase in proteolysis, and response to stress according to our
analysis. In fact, metacyclic promastigotes are differentiated forms of
the parasite that are exposed to innate immune response of the
mammalian host and aim to enter inside phagocytes. As expected,
transport, biopolymer metabolic processes and protein amino acid
phosphorylation should be activated in both forms, as they are
essential processes for cell survival.
PNA− metacyclic promastigotes have been associated with
infectivity and virulence in L. major, as the most virulent axenic
promastigote innoculum is isolated PNA− promastigotes in murine
model [4,46]. Indeed, PNA non-agglutination has been used as an
index of infectivity in L. major and L. donovani [47,48]. In spite of this,
PNA agglutination is not a marker of metacyclogenesis and infectivity
in L. (Viannia) braziliensis, in which both procyclic and metacyclic
promastigotes are agglutinated by PNA, while lentil lectin is a marker
of complement resistance and enhanced infectivity [49]. Although
procyclic and metacyclic promastigotes of L. infantum can be isolated
by PNA agglutination, infectivity of both forms has not been studied
yet. Interestingly, the transcriptome analysis we report herein has
Fig. 5. Infection assay of stimulated U937 cells with PNA+ and PNA− promastigotes.
Infection rate was measured as (A) percentage of infected cells and (B) average number
of amastigotes per infected cell. The null hypothesis of equal infection rate with PNA+
and PNA− promastigotes was contrasted by a paired t-test for both parameters using
three biological replicates.
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PNA− promastigotes, like OGT, β1,3GalT and GT1, located in the Golgi
apparatus. These ﬁndings led us to analyze the PNA+/− infection rate
and a signiﬁcant differencewas observed between the subpopulations
at 24 and 48 h post-infection. It was measured by the percentage of
infected cells and the average number of amastigotes per infected cell
(Fig. 5). Differences in the infection rate tend to disappear at 48 h and
are not observed at 72 h.
The function of OGT is the addition of O-linked α-GlcNAc to
threonine-rich sequences in several glycoproteins, while β1,3GalT and
GT1 are involved in the biosynthesis of glycans in LPG, PPG and
glycoproteins [14]. PPG-Lp, also up-regulated in metacyclics, is a
polypeptide included in the structure of PPG, a surface molecule also
related with infectivity. Amastin-like surface protein mRNA levels are
higher in PNA− forms according to our results. In fact, it has been
reported that the expression of an amastin homolog gene increases
slowly at late stationary phase [50]. Nevertheless, the biological role of
amastin remains still unknown. PMM gene is involved in mannose
activation for GDP-mannose (GDP-Man) and dolichyl-phosphate
mannose (Dol-P-Man) biosynthesis before addition of these residues
to proteins in the endoplasmic reticulum [51] and is up-regulated in
procyclics according to our analysis. This suggests a sequential
regulation of transcript abundance in several processes, as sequential
is the development of infectivity [52] and metacyclogenesis [4].CPAs have been described to be down-regulated in promastigotes
with respect to amastigotes of L. infantum phylogenetically-close
species L. donovani and L. chagasi, whereas up-regulated in promas-
tigotes with respect to amastigotes in L. mexicana [53]. Our results
indicate that CPA is up-regulated in metacyclic promastigotes with
respect to procyclics. Taken together, these observations indicate that
CPA levels increase in the ongoing of L. infantum life cycle. Cysteine
proteases have been described as virulence factors in L. mexicana [54].
In addition to the up-regulation of these genes, which demon-
strated the relation between PNA− promastigotes and increased
infectivity, there is stage-speciﬁcal regulation of other genes implied
in several processes. To begin with, after deamination of tyrosine by
TAT, p-HPP is oxidized into p-HPL by a L-speciﬁc HADH (AHADH) in
T. cruzi [55], as a difference with higher eukaryotic organisms, in
where p-HPP is oxidized completely to succinyl-CoA and thus
integrated in the tricarboxylic acid cycle (TCA). Although it has been
reported that Leishmania does not have an HADH similar to T. cruzi
AHADH and aromatic aminoacid aminotransferase has low sequence
similarity with T. cruzi TAT [56], TAT and a D-speciﬁc HADH genes are
indeed annotated in L. infantum genome project. However, it has not
been annotated any L-speciﬁc HADH in this genome. For this reason,
p-HPL is produced presumably from D-isomer p-HPP in L. infantum.
Moreover, it has been reported that aromatic aminoacid aminotrans-
ferase activity is present in L. donovani [57] and tryptophan catabolic
pathway is important for the parasite's physiology [58]. p-HPL is a
virulence factor in T. cruzi because this haemoﬂagellate parasite
releases its excretion products into the mammal's blood [56]. Leish-
mania spp. parasites are intracellular ﬂagellates instead and meta-
cyclic promastigotes aim to avoid complement lysis and to entry
rapidly into the phagocyte. Consequently, we suggest a role in
infectivity for TAT up-regulation in metacyclic promastigotes of L.
infantum. Apart from α-ketoglutarate (α-KG), α-ketomethiobutyrate
(KMBT) is able to act as acceptor in TAT transamination as part of the
methionine recycling process, from which polyamine synthesis
derives [59]. Spermidine is conjugated with two glutathione mole-
cules to form trypanothione in trypanosomatid protozoa. This
molecule acts as a redox cofactor in several biochemical reactions
and maintains redox homeostasis, like glutathione in other eukar-
yotes. A trypanothione molecule reduces arachidonic acid in pros-
taglandin peroxide synthase reaction (PES) in the prostaglandin
biosynthetic pathway. Reduced trypanothione is re-established in
trypanothione reductase (TR) reaction and ﬁnally thiorredoxin (THR)
reduces TR, as well as other proteins that contain sulfhydryl groups
like ribonucleotide reductase (RNR).
There is an increase in DK and CL transcripts in metacyclic
promastigotes and therefore in the acetyl-CoA supply from the
mitochondrial matrix to the cytosol through citrate-pyruvate shuttle.
Acetyl-CoA molecules are precursors for saturated FA biosynthesis,
some of which are modiﬁed in ER yielding insaturated FA like
arachidonic acid, the precursor of prostaglandins, prostacyclins,
leukotryenes and tromboxanes in mammals. Surprisingly, there are
prostaglandin genes in trypanosomatids and their functions are
obviously different from those of mammalian prostaglandins. Pros-
taglandin F is a biologically active molecule that may play a role in
competence inside the vector insect [60]. Themicroarray analysis have
revealed that PGFS is up-regulated in procyclic promastigotes, what
suggest that PGFS biosynthesis occurs during promastigote differ-
entiation in order to develop a successful metacyclogenesis. Moreover,
THR is connected to the previous PES reaction for the supply of
reduced trypanothione as mentioned before. PES reaction product
prostaglandin H2 (PGH2) is the substrate in PGFS reaction.
DNAPolθc belongs to the family A of eukaryotic DNA polymerases
and is involved in DNA repair [61]. This enzyme may play a role in cell
survival to stress in the establishment of infection in the vertebrate
host, but the biological meaning of the up-regulation of this gene is
actually unknown.
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stationary phase promastigotes [62]. PKA activity has been associated to
metacyclogenesis in L. amazonensis [63], but precise signal transduction
pathways of themajority of PKs are not still described in Leishmania spp.
andproteinkinaseactivityappears in awide spectrumofprotein families.
Hence, stage-speciﬁc regulation of transcript abundancemaybedifferent
depending on speciﬁc PKA proteins. In fact, mRNA levels of several PKAs
increase in PNA+ or PNA− promastigotes according to our results and a
C2 domain PKC protein is up-regulated in PNA+. Furthermore, protein
kinase pathways have not yet been described in Leishmania spp.
A poly (A) binding protein is up-regulated in metacyclic promas-
tigotes and might be involved in gene expression regulation, as
transcript stability is determined by both trans-splicing and poly-
adenylation in trypanosomatids. Binding of PABP to the poly (A) tail of
mature transcripts in higher eukaryotes has been shown to enhance
message stability [64].
Kinetoplastid parasites contain a single mitochondria called kineto-
plast, where a complex DNA network of circular molecules is organized
in 20 to 50 maxicircles and thousands of minicircles catenated to
maxicircles. Maxicircles are 19–39 kbp homoplasic molecules homo-
logous to mitochondrial DNA and minicircles contain speciﬁc gRNA
genes required for uridylate (U) insertion/deletion editing of some
maxicircle transcripts from a set of cryptogenes encoding hydrophobic
subunits of the respiratory electron transport chain. RNA editing is
developmentally regulated in trypanosomatids. For instance, transcripts
for cytochrome b (Cyb) and for subunit 2 of the cytochrome c oxidase
(cox2) of T. brucei and T. congolense exhibit little or no editing in the
bloodstream forms [36]. It has been reported that developmental
regulation of RNA editing is not by gRNA abundance and suggested that
it occurs at the level of gRNAutilizationpossibly by changing abundance
of unedited CybmRNA in T. brucei [65]. However, we have found eleven
cloned minicircles in L. infantum genomic library that may contain at
least one stage-speciﬁc regulated gene (additional ﬁle 3). Therefore,
several gRNA genes are presumably up-regulated in metacyclic
promastigotes. However, low complexity of gRNA gene sequences,
gRNA-mRNA interactions and homology with both chromosomal and
mitochondrial sequences imply that microarray results are not
conclusive in the analysis of gRNA abundance. Moreover, until 2006
[66] there have been no reports of noncoding genomic sequences that
are expressed in a stage-speciﬁc manner during the development of
Leishmania, as a difference with other eukaryotes. Preliminary results
(data not shown) suggest that gRNAs play a role in regulation of RNA
editing, in spite of what has been described to date.
The isolation of PNA+ and PNA− promastigotes is suitable in L.
infantum, given that we have found 317 clones that contain stage-
speciﬁcally regulatedgenes in the transcriptomecomparisonsbywhole-
genome shotgun microarrays. This analysis has revealed that several
genes previously related to infectivity such PPG-Lp, β1,3GalT, GT1, OGT
[14] and CPA [54] are up-regulated in PNA− metacyclic promastigotes.
These observations togetherwith the increased rate of infection of U937
cell line observed with PNA− promastigotes are consistent with the
hypothesis of the lack of agglutination in the presence of PNA as a
phenotypic marker in L. infantum highly infective metacyclic promas-
tigotes. These results will be followed by the production of speciﬁc
knockout parasites for some of the stage-speciﬁc regulated genes found.
Thismayallow the studyof their exact physiological functions,whatwill
improve the understanding of development, infectivity and adaptation
toparasitismof these organisms andmay reveal new therapeutic targets
and vaccine candidates.
Materials and methods
Parasite cultures, PNA agglutination and nucleic acid isolation
L. infantum isolate M/CAN/ES/98/10445 (zymodeme MON-1),
kindly provided by Alfredo Toraño (Instituto de Salud Carlos III,Majadahonda, Spain), was cultured at a starting density of 2×106
cells/ml in RPMI 1640 supplemented with L-glutamine (Cambrex,
Karlskoga, Sweden), 10% heat inactivated foetal calf serum (Cambrex)
and 100 μg/ml streptomycin – 100 IU/ml penicillin (Cambrex) at
27 °C. U937 human monocytic cell line was also provided by Alfredo
Toraño and was cultured in the same complete medium at 37 °C in a
humidiﬁed atmosphere of 5% CO2. These cells were differentiated to
macrophages by incubating them with 20 ng/ml PMA in the same
medium and conditions for 3 days.
After 7 days of axenic culture (Fig. 1A), stationary-phase
promastigotes were harvested at 2000 g for 10 min, resuspended in
complete medium at 2×108 cells/ml and incubated in 50 μg/ml PNA
(Sigma-Aldrich, Buchs, Switzerland) at room temperature for 30 min.
Agglutination and sedimentation of promastigotes was appreciated
visually. The sediment was resuspended in 2 ml of remaining
supernatant plus fresh medium with 50 μg/ml PNA and centrifuged
at 200 g for 10 min. The centrifugation procedure was repeated again
so that PNA+ promastigotes were recovered from the pellet. Finally,
the last supernatant was centrifuged at 2000 g to recover PNA−
promastigotes. The separation was checked by modiﬁed Giemsa
staining of cytocentrifuge preparations.
After washing three times with PBS pH 7.2, genomic DNA isolation
from stationary-phase promastigotes was performed by phenol–
chloroform–isoamyl alcohol extraction procedure [67], but using 2%
SDS in lysis buffer. Total RNA was isolated by TRIzol® reagent
(Invitrogen, La Jolla, CA) extraction procedure according to the
manufacturer's instructions.
Construction of a complete shotgun genomic library
Genomic DNA from L. infantumwas partially digested with Sau3AI
(Roche, Mannheim, Germany) yielding BamHI-compatible cohesive
ended fragments, which were puriﬁed through 10–40% sucrose
gradient isopicnic ultracentrifugation [68]. Once checked by agarose
gel electrophoresis, fractions containing fragments from 2 to 10 kbp
were mixed, precipitated (0.3 M sodium acetate pH 5.2, 70% ethanol)
and washed (70% ethanol). pUC18 plasmid vector (Roche) was
digested with BamHI (Roche), dephosphorylatedwith shrimp alkaline
phosphatase (Roche) and puriﬁed by 25:24:1 phenol:chloroform:
isoamyl alcohol and 24:1 chloroform:isoamyl alcohol extraction,
followed by ethanol precipitation. Insert-to-vector ratio was 40:1 in
the ligationmixture, whichwas incubatedwith T4-DNA ligase (Roche)
at 16 °C for 16 h and precipitated as described above. Transformation of
Escherichia coli DH10B electrocompetent cells (Invitrogen) with the
ligation products was performed with Micropulser™ (BioRad, Her-
cules, CA) following the manufacturers' instructions.
DNA microarray construction
Basically, the shotgun DNA microarrays were constructed following
the speciﬁcations in [69]. Colonies were cultured, processed and PCR
ampliﬁed as described [70], except for the following: lysateswere carried
out in 92 μl 100 mMNaOH during 3 min and then neutralized with 3 μl
1 M HCl before centrifugation and PCR ampliﬁcation was performed in
1Mbetaine, 350 μMdNTPmixture (86.5 each) and1Uenzymemix from
Expand Long Template PCR System (Roche) in order to amplify up to 10–
11 kb inserts. Thermal cycling was performed as follows: initial
denaturation, 95 °C, 3 min; 17x[95 °C, 20 sec; 54.2 °C, 30 sec; 68 °C, 8
min]; 21x [95 °C, 20 sec; 54.2 °C, 30 sec; 68 °C, 8min+20sec/cycle]; and
ﬁnal polymerization step at 68 °C, 7 min and the modiﬁed oligonucleo-
tide pair m13-pUC18-F23 (5′C6-NH2-CCCAGTCACGACGTTGTAAAACG3′)
andm13-pUC18-R23 (5′C6-NH2-AGCGGATAACAATTTCACACAGG3′) was
used to amplify all inserts. PCR products were checked by agarose gel
electrophoresis, puriﬁed by using a 50 μl 96-well-plate PCR-puriﬁcation
kit (Telechem Intl., Sunnyvale, CA), dried and resuspendedat50–200ng/
μl in Microspotting Solution Plus (Telechem). Spotting was carried out
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at 22 °C and 50–60% relative humidity conditions on epoxy-substrate
slides (Telechem) according to the manufacturer's instructions.
A collection of control genes was included in themicroarrays.Hsp70,
A2 and GAPDH genes (GenBank: X85798, S69693, XM_01467109) were
PCR ampliﬁed from L. infantum and L. donovani genomic DNA and hsp70
also from L. major and L. amazonensis DNA. PCR ampliﬁcation of these
positive control genes was performed with the following oligonucleo-
tides: hsp70F 5′[C6-NH2-GGCCGTCCGAAGACAACA]3′); hsp70R (5′[C6-
NH2-ATCGAGTACGCGTAGTTCT]3′); A2F (5′[C6-NH2-CGGGCAAGCCATC-
TAGAT]3′); A2R (5′[C6-NH2-GTCGAACCGTCGGCATGAT]3′); GAPDHF (5′
[C6-NH2-GGTGGACATGAGCACGAAT]3′); GAPDHR (5′[C6-NH2-
TGTCGATCTCCTGGATAGA]3′). These genes were included as positive
control spots, as well as DNA topoisomerase II, DNA polymerase β and
p36 genes (GenBank: AY004225, AF182167, LIU49695) [71,72,73], that
were obtained from recombinant plasmids by double digestion with
SmaI/HindIII, SmaI/HindIII and EcoRI/HindIII respectively. Genomic
DNA from L. infantum and Clupea harengus (herring sperm DNA) were
also included as positive controls.
NifA/hlyD (GenBank: AY204385), nifD/nifK–nifH/nifD (GenBank:
AY204398), nifS/nifU–nifV/HesB (GenBank: AY204370), nifX/nifB
(GenBank: AY204431), nifE (GenBank: AY204397) and nifV (Gen-
Bank: AY204361) genes for nitrogen ﬁxation in the acidophile iron
oxidising bacteria Leptospirillum ferrooxidans were ampliﬁed by using
ccdF and ccdR primers from pENTR1A clones [69] and spotted as
negative control genes in the microarrays, as well as 1× SSC.
Microarray hybridization
RNA quality was checked by capillary electrophoresis in an RNA
Nano Chip for the 2100 Bioanalyzer (Agilent Technologies, Van Nuys,
CA). Then, mRNAwas ampliﬁed by MessageAmp™ II aRNA Ampliﬁca-
tion Kit (Ambion, Austin, TX) yielding antisense aRNA. For the ﬁrst
strand cDNA synthesis and indirect labelling, 5 μg aRNA and 200 ng/μl
random hexamer primers were denatured at 70 °C for 10 min, then
snap-chilled on ice, mixedwith 570 μMeach dATP, dCTP, dGTP, 230 μM
dTTP, 340 μM aminoallyl-dUTP, 10 μM dithiotreitol (DTT), 600 U
Superscript™ III Reverse Transcriptase (Invitrogen) and incubated at
46 °C for 3 h. Next, RNA was degraded at 70 °C in 100 mM NaOH/
10 mM EDTA for 30 min and cDNA was puriﬁed with QiaQuick PCR
puriﬁcation kit (Qiagen, Valencia, CA) but using phosphate wash
buffer (5 mMKPO4, 80% ethanol) and phosphate elution buffer (4 mM
KPO4). Coupling reaction was carried out in 10 μl of 100 mM sodium
bicarbonate pH 9.0 plus 5 μl of 12 μg/μl DMSO-dissolved Cy5 or Cy3
monofunctional dye at room temperature in darkness for 1 h. Labelled
cDNA was puriﬁed with QiaQuick PCR puriﬁcation kit (Qiagen).
Microarrays were washed (2× SSC, 0.1% N-lauroylsarcosine and
2× SSC), denatured (95 °C for 3min) ﬁxed (cold absolute ethanol) and
blocked (in 3× SSC, 0.3% N-lauroylsarcosine, 60 mM Tris–HCl pH 8.0,
83 ng/μl denatured herring sperm DNA, 1% BSA in a hybridization
chamber submerged in a 42 °C water bath for 30 min). Then, Cy3- and
Cy5-labelled cDNAs were mixed in equimolar amounts (50 pmol each
dye) and incubated at 40 °C with blocked microarrays for 16 h
(blocking solution with 0.1% BSA, 25 ng/μl poly (T), 50% deionized
formamide). After that, slides were washed in 2× SSC/0.2% SDS at
40 °C, 1× SSC and 0.2× SSC at room temperature. Finally, they were
spun dry in a centrifuge.
Microarray hybridizations were performed with equimolar
amounts of both dyes incorporated in each of the samples compared.
Hybridized microarrays were scanned and analyzed for Cy3 (532 nm)
and Cy5 (635 nm) dyes with GenePix 4100A scanner (Axon
Instruments, Foster City, CA). Local feature background median was
substracted from raw data of average ﬂuorescence intensity values.
AlmaZen software (BioAlma, Tres Cantos, Spain) was used to perform
normalization of GenePix Result File (GPR) containing these data,
comparative analysis of the replicates and selection of spots withmeaningful values of stage-speciﬁc regulation. LOWESS algorithm
[22,23] per pin (applied individually to each of the blocks spotted in
the microarrays) was the normalization method and comparative
analysis consisted of a paired t-test for average values in each replicate
spot under the null hypothesis of absence of stage-speciﬁc regulation.
The requirements for spot selection were: (i) F≥2 (Cy5/Cy3 ratio if
Cy5NCy3) or ≤−2 (−Cy3/Cy5 ratio if Cy3NCy5), (ii) total relative
ﬂuorescence intensity valueN5000 FU and (iii) pb0.05.
DNA sequencing and analysis
L. infantum MCAN/ES/98/LLM-877 chromosomal sequences and
annotations (version 3) were downloaded from the Sanger Center ftp
site (ftp://ftp.sanger.ac.uk/pub/pathogens/L_infantum)[24]. The
genome sequencing project is near completion, although chromoso-
mal sequences consist of collections of non sorted, concatenated
contigs, linked with 50 characters long ‘N’ strings. Annotations are
available as Artemis formatted ﬁles and include information about the
location and function of predicted genes. We processed these ﬁles
with a custom Perl script to generate General Feature Format (GFF)
ﬁles. Sequences and GFF formatted annotations were deposited in a
GBrowse-based database [74].
Sequencing reactions of insert ends were performed [75] by using
m13-pUC18 oligonucleotide pair and then run in ABI Prism® 3730XL
Sequencer (Applied Biosystems, Foster City, CA). Sequence reads
corresponding to insert ends of L. infantum MCAN/ES/98/10445
clones were aligned against L. infantum MCAN/ES/98/LLM-877
chromosomal sequences with BLASTN [76]. The output was processed
with a custom Perl script that deﬁned the boundaries of each clone by
pairing forward and reverse sequence reads that fulﬁlled the following
conditions: (i) e-valueb1e−100, (ii) convergent orientation between
them and complementary sequence to different strands of the same
chromosome and (iii) 11 kbp maximum length between the
boundaries of each clone. Clone mapping results were also deposited
into the GBrowse database, what allowed us to determine visually
those genes overlapping with clones. Correspondence between genes
and clones was also established automatically with an additional
script at a minimum overlapping of 5% of gene length.
Some of the clones that do not overlap with annotated genes in the
genome project could be mapped against custom annotations on L.
infantum genome that were carried out with Glimmer 3.0 software
[77]. The set of 8148 annotations contained in L. infantum genome
project were used to train the software using default parameters.
Sensitivity and speciﬁcity for the detection of coding regions relative
to the Sanger Center set were respectively 80% and 76%. 2234
potentially new genes were annotated by performing BlastP searches
against SwissProt database.
Sequence reads from MCAN/ES/98/10445 were assembled with
Phred/Phrap/Consed package [78–80] and then aligned against the
genome project chromosomal sequences (MCAN/ES/98/LLM-877)
with Cross-match [81] for calculation of insertion, deletion and
substitution rates between both L. infantum isolates.
Stage-speciﬁcally regulated genes were re-annotated and analyzed
with BLAST2GO establishing the distribution of molecular function
and biological process GO terms among them [25].
Relative quantitative real time RT-PCR (qRT-PCR)
cDNA was synthesised with Superscript III Reverse Transcriptase
(Invitrogen) and qRT-PCR reactions were carried out with iQ™ SYBR®
Green Supermix in a MyiQ™ Single-Colour Real-Time PCR Detection
System (BioRad). PCR efﬁciency was calculated by the standard curve
best ﬁt method from a triplicate dilution series experiment for each
gene and cDNA sample (PNA+/−). Finally, fold-change and SD values
were calculated by efﬁciency-corrected ΔCt method [82] and hsp70
was the gene of reference.
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In vitro stimulated U937 cells were washed three times by mild
agitation in RPMI 1640 supplementedwith L-glutamine (Gibco). Then,
they were incubated with trypsin-EDTA 1× (Gibco) and strongly
agitated for 1 min. Macrophages were mixed with PNA+ or PNA−
promastigotes at 1:5 rate (5×105 macrophages:2.5×106 promasti-
gotes in 1 ml complete medium), incubated at 37 °C for 2 h, washed
and plated in 1/3 volume aliquots in 12-well plates. Three biological
replicates of the experiment were performed. Samples were obtained
at 0, 24, 48 and 72 h for infection rate analysis, which was performed
by randomly counting the amastigote number in one hundred cells
per biological replicate at each time point in cytocentrifuge prepara-
tions stained with modiﬁed Giemsa. Percentage of infected cells and
average amastigote amount per infected cell were then calculated and
the null hypothesis of same infection rate using PNA+ and PNA−
promastigotes was contrasted by paired t-test.
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